4-D technology is moving into an accelerated phase with several successful projects to date. Acquisition and processing imprints are considered negligible with standard 3-D processing but become critical when computing time-lapse seismic differences. We introduce a spatial co-filtering geostatistical technique into the 4-D processing sequence to remove acquisition imprints and other uncorrelated noise that increases the repeatability and optimises the 4-D signature. Examples from two fields from the North-Sea, Draugen (Norske Shell) and Forties (BP) are presented.
Introduction
During the past few years, numerous techniques have been developed to tackle the processing of time-lapse seismic (Harris-1998) . Nevertheless, 4-D signatures often exhibit residual energy that is not explicitly linked to production effects. These artefacts, like acquisition or processing imprints, are spatially correlated and therefore require the use of spatial filtering. A new geostatistical technique, automatic factorial co-kriging, totally 4-D oriented, has been integrated in the 4-D processing sequence. It is geared to optimize the explicit 4-D seismic attributes such as the repeatability and the 4-D seismic signature.
With regularly sampled data, it is possible to build a geostatistical operator that can be applied at low cost to large volumes of data. The technique can be applied pre-or post-stack, on maps or cubes, with one or several repeat surveys. Two examples of post-stack processing are developed with amplitude cross-equalization from 2-D maps.
Automatic factorial co-kriging
Factorial kriging (Matheron-1982) , builds spatial filters based on the decomposition of the variogram or covariance function. It is a linear filtering technique related to Wiener filters. It has been applied recently to filter acquisition imprints on velocity data (Coléou-2001 , Siliqi-2001 . For multivariate datasets, factorial co-kriging is used (Sandjivy-1987 , Daly-1989 , working with the decomposition of the variograms and cross-variogram models, usually with a linear model of co-regionalisation.
Factorial Kriging decomposes a random function Z into the sum of mutually orthogonal functions M i , each with a known spatial covariance C i .
If Z(x) is a survey measure at point x (seismic bin):
The covariance C(h) of Z, where h is the distance, is the sum of the elementary covariance models:
Or in variograms:
Factorial kriging is a linear filter:
Factorial co-kriging is also a linear filter:
Where the weights and µ are obtained by the classical factorial kriging and co-kriging systems (Matheron-1982) .
The decomposition of the variable Z as in (1) is arbitrary as it is provided by the decomposition of the covariance model (2) that is the result of an interpretation. For time-lapse applications, we are interested mainly in the decomposition in a common part and spatially independent residuals. The acquisition artefacts, as long as they are non-repeatable, will be found in the independent residuals and the common part will be stripe-free.
For two surveys Z 1 and Z 2 , as in Figure 1 , we define a common part S and spatially independent residuals R 1 and R 2 . Z 1 (x) = S (x) + R 1 (x) and Z 2 (x) = S (x) + R 2 (x)
The corresponding covariance functions are C 1 and C 2 :
For filtering regularly sampled data, the values of experimental variograms are known for all distances that are relevant to the problem. Interpolation is not necessary, so we can dispense of the models under the constraint of positive definiteness of the kriging matrix. The covariance of the common part S is then given by the experimental cross-variogram 12 and the covariance of the residuals R 1 and R 2 by the difference between the experimental variograms and cross-variogram ( 1 -12 ) and ( 2 -12 ).
This provides an automatic decomposition of the covariance function and therefore an automatic extraction of the common part of two measures using factorial cokriging.
In Figure 1 , the common part S is automatically extracted from the noisy synthetic data Z 1 and Z 2 that represent a set of two typical attribute maps extracted from time-lapse surveys. This estimated common part S is better than any of the initial surveys to be used as a reference during the processing. It represents the repeatable part of the measure.
If we assume that the striping is vertically stationary, the ratio S/R 1 (resp. S/R 2 ) can be used to de-stripe the entire cube when applied as a scaling factor to the traces for the survey 1 (resp. survey 2).
Similar de-striping with spatial filtering is also applicable with standard factorial kriging on single 3-D survey. It only requires the modeling of the variogram model components.
Repeatability
The normalized variograms and cross-variogram provide a direct measure of the spatial repeatability that can be followed throughout the processing sequence, from the binning stage where the geometry is common. It is also useful to compare repeatability over the different offsets.
Draugen example
The Draugen field is located on the Norwegian continental shelf, 145km Northwest of Kristiansund in block 6407/9. Production started in 1993 and production was initially estimated at 111. (difference between the variograms and the cross-variogram) shows amplitude components that are not common to the two surveys. The acquisition imprints are easily identified on the residual variograms as central stripes. Even if the seismic has been acquired in the same direction, the residual variograms indicates that the acquisition imprints are statistically non-repeatable.
The automatic factorial co-kriging filtering is applied on amplitude but also on the time of the Top Spekk to compensate for residual mis-alignments between surveys.
In Figure 3 , we present the results of the filtering in a time slice within the difference cube from the far offsets. The amplitude and time correction, despite being relatively small have a drastic effect on the difference. It allows us to completely eliminate the residual energy coming from the geology visible in black at the bottom of Figure 3 and increases the lateral continuity of the 4-D signature due to production effects (in black in the upper left corner and in red in the bottom right corner). In Figure 4 , a section within the difference cube, before (above) and after filtering (below) is presented. The 4-D signature is enhanced and the overall residual noise is much less continuous after processing. The only continuity found in the section is at and below the fluid effect, as expected. It is especially noticeable on the left of the 4-D signature where before filtering the 4-D effect is apparently extended to the left by spurious continuity with residual energy from the strong Top Spekk formation. The overall delineation of the fluid effect is greatly improved.
Forties example
The following is an example from the Forties field which is located 170km NE of Aberdeen in blocks 21/10 and 22/6a. It first started producing in 1976 and currently produces 55 mstb/day, which is approximately 10% of its plateau production rate. STOIIP at discovery was 4.2 bbls. The field is a late Paleocene stacked turbidite sandstone sequence with a relatively simple dip closure. The reservoir can be divided into the main sand and a series of large channel complexes that overlie it. To date, Forties is covered by 3 vintages of 3-D seismic (1988, 1996 and 2000) and 4-D seismic is used for locating infill targets and informing well-work decisions.
We show, in Figure 5 , an example of automatic factorial co-kriging on the time-aligned instantaneous amplitudes of the migrated AVO intercepts on the top reservoir horizon to determine the common part of the vintages 1988 and 1996. Prior to this analysis, the amplitudes in this example have not been treated for acquisition artifact removal (striping). The automatic factorial co-kriging, performed on a map that includes the 4-D signature is followed by a factorial kriging of the residuals with respect to the common part of both vintages. This modeling allows us to de-stripe the residuals and to isolate better the 4-D effect.
This procedure conveyed post-stack in that case would be more efficient if applied pre-stack, at an earlier stage of the processing as the acquisition imprints would be better corrected. Offset dependency and migration are spreading these imprints and preventing complete attenuation when filtering is conducted at the end of the processing sequence.
Conclusions
Automatic factorial co-kriging is a new technique, fully 4-D oriented that integrates geostatistical filtering into the 4-D processing sequence. As it is not limited to two surveys, it is well suited for multiple time-lapse analyses.
It is sensitive to second order spatially organized variations often overlooked and/or poorly corrected. The non-repeatability of these artefacts makes automatic factorial co-kriging extremely efficient as a de-striping technique and for balancing surveys, both in time and amplitude.
The complete automation and the ability to process very large data sets makes it possible to operate pre-stack, very early in the processing sequence. It is now applied in the offset domain.
The examples presented here are using 2-D maps but the process is also applied to 3-D volumes like for velocity cubes. 
